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9:00-9:30 
Welcome and Organization affairs 

Session I 
Chair: Gordon Hager 

9:30-10:10 
Marsel V. Zagidullin 
„ The completely scaleable 1 kW class supersonic COIL" 

10:10-10:50 
Charles Helms 
„ Recent experimental results on the RADICL laser " 

10:50-11:05 Coffee break 

11:05-11:45 
Otomar Spalek, Jarmila Kodymova, Vit Jiräsek, Jan Kuzelka 
„Recent experimental results on COIL device in the Institute of Physics" 

11:45-12:25 
Frank Duschek et DLR colleagues 
„ Results of water vapor measurements in the COIL gas flow " 

12:30 - 14:00 Lunch break 

Session II 
Chair: Martin Stickley 

14:00- 14:40 
Dov Furman and Zamik Rosenwaks 
„ Gain diagnostic in a supersonic COIL with transonic injection of iodine " 

Karin Grunewald et DLR colleagues Ä  / A f      f\Q L 
14:40-15:20 
Karin Grünew 
„Results of COIL gain measurements" MWM" 
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15:20-15:35 Coffee break 

15:35-16:15 
Boris Barmashenko and Ester Bruins 
„ Iodine dissociation and small signal gain in supersonic COILs " 

16:15-16:55 
Timothy J. Madden 
„An investigation of supersonic mixing mechanisms for the chemical oxygen-iodine laser 
(COIL)" 

16:55-17:35 
Valery D. Nikolaev 
„ The gas dynamic parameters and efficiency of mixing in COIL with array of supersonic 
nozzles " 

17:35-18:20 
A separate meeting of the AFRL contingent with the Israeli Group for contract discussions 

18:30 Dinner 

Tuesday 12 October 

Session III 
Chair:    Charles Helms 

9:00 - 9:40 
Gordon Hager 

„ The measurement of gain on the 1.315 jum transition of atomic iodine in a subsonic flow of 
chemically generated NCl(a'A) " 

9:40-10:20 
Vft Jiräsek, Jarmila Kodymova, Otomar Spalek 
„ Thermodynamic and kinetic aspects of chemical generation of atomic iodine for a COIL and 
their consequences for experiments " 

10:20-11:00 
Nikolai N. Yuryshev 
„A generation of atomic iodine for pulsed COIL by a dc discharge in alkyliodides" 

11:00-11:15 Coffee break 

11:15-12:00 
A separate meeting of the AFRL contingent with the DLR Group for contract discussions 



12:15-13:30 Lunch break 

13:30-14:15 
A separate meeting of the AFRL contingent with the Czech Group for contract discussions 

14:15 - 14:45 Round Table Discussion 
Chair:    Willy Bohn 

15:00 Departure from Lanna to the Institute of Physics 

15:30-16:30 
Visit of COIL laboratory 

16:30 Departure to the Hotel Schwaiger 

19:00 Closing working dinner 

Notes: 

1/ A contribution will be given by the underlined colleagues 
2/ A reserved time of 40 min for presentations includes the time for questions and discussion 
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The completely scalable 1 kW class 
supersonic COIL 

Background 

1. New compact Verty-JSOG operating stable up to 100 mmole/s of 

Cl2 
2. Minimization of O2OA) losses when it is transported from JSOG to 

nozzle at high pressure and N2 dilution. 
3. Optimization of geometry and gases flow rates. 
4. COIL operation with slit nozzles because previously high 

efficiency was achieved with slit nozzle and 10 mmole/s of C12 and 
N2 dilution 

5. Demonstration of high power with N2 dilution and 5 cm gain 
length and new Verty-JSOG. 

6. Operation at minimal volume pump rate as possible 
7. Scalability of COIL 



fy/flMAH] 
jj/\cflMflPBj 

Lebedev Physical Institute, Samara Branch 

r2 
KOH-H202-H20 

§^_C12 

The set-up of COIL with Verty-JSOG and two slit nozzles 

1- body of VJSOG ; 2- two slit nozzles ; 3 - counter-flow reactor 
;4- the nozzle bank for BHP jets ; 5-the inlet for Cl2, 6- mixing 
chamber 6 ; 7- iodine mixer ; 8- laser cavity ; 9-mirrors ; 10-vacuum 
duct 
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1. Change the primary gas flow rate. 
Then ratio of gas flows was Gc:GN2p:GN2s = 1:1:1 to decrease 
pressure in JSOG and plenum pressure and decrease 02( A) 
losses. PSOG

=
28 torr, but lower Mach number and low power 

were obtained. At high I2 flow rate the subsonic flow in cavity 
and zero power were obtained. 
2. Change the throat-optical axis distance up to L= 80 mm. 
The power 467W was achieved for GI2=0.47 mmole/s (higher 
than 370W for L=55m ). But for GI2 > 0.54 mmole/s the 
subsonic mode in cavity and zero power. Near GI2«0.5 
mmole/s the unstable subsonic or supersonic mode in cavity. 
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The transition from supersonic mode operation to subsonic mode, 
pressure in the cavity, P3, ■ - laser power, L=80 mm. 
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OPERATION OF COIL WITH 68 MMOLE/S OF CHLORINE 
GC:GN2P:GN2S =   1:2:1.  L=55  mm.  PSOG=57  torr,  Plenum 
pressure 36 torr. 
If N2 flow rate for mirror purging from 4.5 mmole/s to 10 
mmole/s power from 890W to 1035W, Mach number from 
1.49 to 1.39, cavity pressure from 7.6 torr to 9.7 torr. 
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Dependence of output power on the total mirrors' transmissivity for Gc 

= 68 mmole/sec and Gi2 =0.71 mmole/sec. • - primary nitrogen at 
room temperature, O - cold primary nitrogen. 
Estimated  threshold  transmission  6%   ,   estimated  losses  0.5%, 

-l estimated SSG 6.5x10° cm'1. 
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OPERATION OF COIL WITH 75 MMOLE/S OF CHLORINE 

Gc:GN2p:GN2s =   1:2:1.  L=55  mm.  PSOG=67 toir,  Plenum 
pressure 42 torr. 
1. For N2 flow rate 2.7 rnmole for mirror purging and GI2= 

0.8 mmole/s Mach number 1.5 but power 0. 
2. For N2 flow rate 6.8 mmole/s for mirror purging and 

GI2=0.89 mmole/s power 1030W was obtained 
(TI=15%).(T1=0.94%, T2=0.9%) 

3. The use of ratio Gc:GN2p:GN2s = 1:1:1 resulted in to 
subsonic mode and 0 power. 

4. The use ratio Gc:GN2p:GN2s = 1:1:0.58 resulted in the same 
result. 

5. The use ratio Gc:GN2p:GN2s = 1: 0.9 : 1.28 resulted in 1303 
W (Tl=0.8%, 12=0.7%). 

6. The use ratio Gc:GN2p:GN2s = 1 : 1.28 : 1.28 resulted in 
1408 W (Tl=0.8%, T2=0.7%, GI2=0.7 mmole/s) 

In last run mirrors were destroyed. 
No cold primary N2 was used because we expected power 
more than 1500W and mirror destruction. 
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SUMMARY OF RESULTS 
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Dependence of laser power on chlorine flow rate. The direct line 
corresponds to chemical efficiency of 20%. 

Gc GN2S GN2P T,,T2, 
% 

W n,% M 

23 23,2 46.5 0.7;0.7 390(#) 18.7 1.24 

23 23,2 46.5 i;0 429(H) 20.6 1.24 

39.2 39,2 78.4 0.9;0 574(+) 16.2 1.48 

39.2 43 78,4 i;0 798(B) 22.4 1.52 

39.2 40 78,4 1.3;0 642(*) 18.1 1.51 

39.2 39,2 78.4 0.7;0.7 764(«) 21.4 1.37 

39.2 43 78.4* i;0 858(D) 24.1 1.38 

68 66 66 0.8;0.7 1074(A) 17.4 1.51 

68 66 66* 0.8;0.7 1183(A) 19.2 1.43 

75 65.7 135.5 0.7;0.7 1074(#) 15.8 1.5 

75 65.7 95.8 0.8;0.7 1303(A) 19.2 1.4 

75 82. 95.8 0.8;0.7 1408(A) 20.7 1.5 

cold primary nitrogen 
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Conclusions 
1. The output power growths close to linearly when for chlorine flow 

rates from 23 mmole/s to 75 mmole/s 
2. The effect of gas heating on gas flow was observed (transition 

from supersonic to subsonic operation). 
3. The power 1.4 kW (r]=20.7%) for 75 mmole/s and r|=24.1% 

(858W) for 39.2 mmole/s of C12 were achieved. 
4. 5 kW per 1 liter of JSOG volume, 5-=100 W/cm2, 2.7 W per 1 L/s 

of exhaust pump capacity. 
5. The estimated SS gain 6xl0"3 cm"1. 
6. Verty-JSOG is a good energy machine for COIL. The results 

obtained in this work can be as basis for comparison of other 
mixing-nozzles systems (reference point). 

7. The gas flow section of high power COIL can be constructed as number ot 
gas flow sections similar to considered. 



Ö 

o 
• H 

bß 
C 
GO 
2 

OS 

o 
O 

U 
w 
Q 

PQ 
GO u 
GO 

GO       CÖ 

GO 

Cd 

u 
cd o 

o 

s 
GO 
cd 
Ü 

£    ON 

ta in 
o 

OH     Tfr 

ü 
GO 

s 
13 

in 
o 
in 

C o 
5   o- 



CD 
c 
o 
CO 
?- 
CD a, 
U 
pa 
Q 

, J-t 
^ CD 

CD Ö 

^ a 

CD 

s ■- 

o 
-I—> 

Ö o 
U 

C    3 N 
CD     & CD 

f-<   o ca o-o > 
.2   g c 
CQ £ > 

CD 
^4 
O 

C     CD 
<D    O  "O 

g s § 
»   o  ^ 
O   ^     CO 

O     fc     CD 5 a H 

o 

CO 
CD 
O 
C 
CD 

o 

o 
• 1—1 

co 
> 

PL, 

CD   ,-H     g 
S   "CD     CO 

a t s 3   P   S 
^ 
^ 

Ä      ^        CO P^ 
P. U j C/3 
(D         ^         H > ^> s 
QM 

CD 
W) 

PQ 

o 

P4 



T3 

Ö 
• i-H 

a o o 

u o 
co 

13 
O 

GO 

CO 
CO 

H-H 

o u 
o 

Ö 
• 1—I 

4-> 
CO 

c 

o 
+-> 
CO 

&> 
t 

g 

Oo 
c/> 
CD 

co 
c 
.0 
U—» 

C 
o 
Ü 

> 
CO o 

■D 
CD 
i_ 

ZJ 
(A) 
(0 
0 

0) 

O   CO  ML 

2 =J 
CO   CO 

8 * 
co 
CO 

Q. D)-U  Ä   Q. CD 

CD 

CO 
CO 
CD 

-~M 

CD 
i_ 
CO 
QL 

E 
o 
Ü 

CD 

co  J2* 
S  Q 
Eg 
^ c= 
CD > 

c 
CO 

a 

0 "O 
0 CD 
E >, 
CO C 
CD 01 

•*—« n) 
CO >> 
Q. X 
D o 

CD 
i_ 
■3 
CO 
CO 
CD 

£   co   9: 
CO   CD   CD 

o   $   CO 

t: o CD 
CD "-   Q- 

isl 

Ui 
CD 

TJ 
O 
Ü 

a 
u. 
o 
Q 

I 
CO 

a. 
co 
< 
CD 

CO 
c 
o 
'-^ 

c 
o 
ü 

> 
CO 
Ü 

•o 
CD 

■4-> o 
-o 
CD 

.2 3 
■f-l     •+;- 
CO   CO 

o .5? 5 co .^ 

O   0 
9 Q- co 
CO 

0 
1_ 

Z3 
CO 

E   CD 
<D   ^ 

C7) 
Ü 

=!    W 

O    Q. 



3H 
W 
ö o 

»H 

> 

M o 
cö 

PH 
I 

r- 
H 

Q 
I 

m 

>> 

ü 

o 

o 
cd o 
ä 

0) 

o 

co 
+-» 

GO 
CD 

<D 
43 
+-» 

43 o 
• 1—H 

43 

H- 

co 

?H 

.o c 
ü +-> 

o .5 

ö o 
CD 4-» 

CH CO 
X c 
<L> <D 

C+H ^ 
O CD 

■■ ä CD 
CO 

cd O 
+-> 
CD 

o rs 

<D Ö p*^H • i—i 
CD cd 

00 W> 

CO 
C 
O 

T3 
Ö o 
o 

+-> 

c 
CD 

CD 

CO 
cd 
CD 

(D 

S3 
U 

CO 

e 
<D 

<D 

CO 
cd 
<D 

C o 
o 

•>   f 
cd o 

co 
Ö o 

cd 

CD 

CD 

X 
CD 

CO 
Ö 
O 

• i—( 

o 

CD 

CH 

O 

S3 
CH 

O 
U 

I 



c o 

</} 

r- 

cd 
^—> 
CD 
C 
<D 
O, 

Td 
C 
cö 
CD g 

Td 
O 

•T-H 

Td 
CD 
N 

OH 
o 

Ü 
C 

• T-H 

CO 
cd 

T£> 

T-H 
CD 

O 
Q- 

Td 
C 
cd 

C 
o 

•T-H 

td 
• T-H o 
o 
co 
CO 

• T-H 

Td 
5-H o 
o 
O, 

G 
Td 
O 

• 1—1 

O 

CO 
CD 
CO 
CO 
O 

CD 

Td 
T-H 
CD 

cu.y 
cd Td 

CD 
CD 

*H   Td 

O 
o 
CO 
CO 

CD 
Ö 

• T-H 

Td 
o 

(N     en 

o Td 
QH "-1 

O   Td 

CD     "^ 

Td     CD 
VH   bo 

o o 

-o   ° 
CD    ÖJD 

§ .s 

C 
O 

"'S 
T-H 

^—> 
CD 
Ö 
CD 

CD 
c 

• T-H 

Td 
o 

£ 
^ ^ 

Td 
a 
cd 

C o 

• T-H o 
o 
CO 
CO 

• i—i 

Td  ?-H 

T-H        g 

o o 
OH   QH 

.2 
%—> 
cd 
S-H 

^r—> 
CD 
Ö 
CD 
QH 

CD g 
Td 
o 

• T-H 

TG 
bX) 

in 

CD 

O 
Q- 

Td 
c 
cd 

c o 
•T-H 

ta 
•T-H o 
o 
CO 
CO 

T-H 

O 
O 

cd 
T~I 

CD 
3 

TG 
bß 

T-< 
CD 

td 

CD 
3 

o 
•T-H 

td 
CO 

CD 
Td 
c o 

Td     CD 

Td CD 

o 
<x 

Td 
CD 
CD 

Td 
CD 
T-H 

cd 
bX) 

TG 
CD 
Ö 
CD 

cr 

T-H 
CD 

td 

TG 
bX) 

vo     O 

e 
'C _o 
IS 
CJ 

E 

"5 

en 

tö 

e 

J3 
U 
o 
0) 
1/1 

m 
* 





> 

< 

ü 
LD 
_I 
N 
N 
O 

Q 
■ 

CM 

O 
Q 
< 

<u 
X> o 

i-H o< 
c o 

■ ^H 
-4-J 
03 

• »—i o <U 
o X> 
tt) o 
C/3 u. 

• i—i & 
0> <u i-l 

C =3 
• ^H -<—< 
T3 CO o 

&- 
/ s 
f <U +-> 

.5 
cd 
O 

to 

1 

CO 

<u 
Ö 
<L> 
W) 

on 

r-5 CO 

O 

0> 

T3 

IT) 

i 



<4H      0> 

CD 

LO 

0 

CÖ ^r 
O 

CO 

CM 

(D 
cu 
E 
co 
i_ 
co 
Q. 

x- CD 
O   h-    T- 
lO ^ 00 

CO 
CD 

CON ^ 
^~ <n co S 
LO CD io     • 
d c\i ° 

S CM 
g LO g> cb 

CO 

LO  CO ^_ 

"*- CM _ O 
LO LO CD CD 
^     ■ CO     • 

00 o 
LO 

CM 
CD 
^ Vt 

.     O 
Is- CD 

LO 
O 

d 

00 

d 

co 
co 
d 

00 
LO 

d 

d 

LO 

5- 

N co^" m 
LbCO^S 
N^(Dn 

£>  ^t  LO  00 

^CM^O^ 

co co co    ■ 

CD CM ^" 2 

CO CO CO Q 

CO CO LO CD 

N CO CD O 

LO CD 
CO 

CO 

fe^^.OOv-CDLOCOg 

dTJYOONCO(Dd 

.CO 

o 
E 
CNJ 

o 
CO 
E 

-J2 -J2 

o o 
E E 
^ E 

X 

3 >■ 
o ;•— o 0 
C •" o o 
a-      |E 

>S co 

Co 
■D 
C 
O 
Ü 
0 

CO 

CM ^ M     ■ yr~ ^ ^ CD ^ ö 

CO 

CO 

CM 
^- ^ co CO 

CM 

CD LO 

M- CM 

CO 
01 

CD 

T- CD    i. i^ <J) 
CM ^ Ä     • O 
^^CNd 

CD 

LO 
<b Is- T 

O CM 

^ ^ ^ ^ ö 

1— 

o 
*T ^ o^ CD 

(1) 

Q a. _J 
a: 

o 
f-° o E 

Co 

LL 
< 

CL CM CD Z z 
LU Ü_ LU 

CD LL a. 

¥ 
£ 



* 

oo h- o) co 
10 c\i ^ ^ CO 

CO 

o j£ 
Q. 

0 Ü -*-* 
C 

O 

o 
(0 
(0 

O 
73 

T~ T~ T— 

oo 
CD 
ö 

LO 

Ö 
CD 
CM 
Ö 

T~ 

0 
C 

o E 
CO 
0 

CO h- CM LO h» 
o CO 

1 

00 
1 

CD 
CD 

CM 
■ 1 i 

o (0 -I—» 
(/) 
Q_ 

"sr "d- Ö T— LO CO 
73 CD -^ co CM CO 

Z5 

o LO o LO 
00 ^- oo 00 LO o o 

& Q_ E 
,^_^ T— T— T— T— 

CO CD 
'•> ^ T— T- CM 
CO o 

0) —' 1 o 1 o Ö 
LO LO CD 
T— T— T~" 

E^ 
o 

LO CO 
CD CO 

i 
00 ^ 

CO CM 
CM 

00 
LO 

0) 
0s 

Ö LO 
CM 
Ö Ö LO 

CO Ö ö 

s. 

C o 

£  ü 
C/) 
0 "a 

0 
(/) 
CO 
ü 

0 c 
0 
co 
CO .a 

0 c 
73 
O 

0 c 
73 
O 

c o 
c o 

■-P3    CO 
co £ ^ 

0 c 
0 
Q. 73 

c 
0 0 0 

C 
0 
?- .c x: _c 
^    D)  O)   O) 
o  XI  JZ  Jc 



CO 

to 
<D 

0> 

O 
U 
H 

Q 
I 

CO 

o 

co 
CD 

o 
H-> 

I 
rH 
CD 

Ö 
CD 

Ö 
CD 

CD 

i 
<D 

^ 
CO 
o 
o 
CO 22      Ö 
>      O 

cd 
• 1—« 

o 

CO 

e 
o 

Ö o 

o 
CO 

HH 

Q 
< 

O 
Ö 
<D 

|      ^ » rH 
•i—i       *73 

<->    r— 

.S    ^ 

en 

CO 

<HH 

5     ^ 
CD 
rH 

CO 
CO 
CD 

CD 

O 

o 
• iH 

CO 

<HH 
•H 

<D 
> 

O 

ö o 
• rH 
+-> 
OH 
O 

73 
O 

CD 
O 
Ö 
CD 

3 
?H 
2 

CO 

CO 

13 u 
o 

rH 
cd 
Ö 

H-1 

CD 
CO 

Ö 
O 

o 
cd 
CD 
rH 

(N 

S   w   ^ 
CO 
CD 

■ 1—1 

O 
CD 

CO 

CO 
o 

• 1—t 
H-> 
CD 
Ö 

• r-t 

h-1 
HH 

o 
u 

<D 

c 
bß 
C 

r^ o 
Ö 

cr 
73 

HH 
co 

O 
CD 
Ö 
<D 
bß 
O 
rn 
CD 

+-> 
<D 

a 

b 
o 
CD 

*Cd> 

JD 
73 

OH 

Ö 

73 
ö 

o 

o 

CO 

Ö 
CD 

Ö o 
o 
<D 

td 
rH 

<D 

CO 
-rH 
CO 

PH    C3 

/—"N a. 

Ö 0\ 

o 0 
• rH 

■H-» a> 
On s. 

o ^< 

H-> & 

O ■% 

rH 
CD 

-jc 

PH !■■ 

>. 
rH 

r^ 

cd 
PH 

rH 
o 

CD 

O 

rH 
CD 

O 
r^ 

rH 
o 

o 
CO 
CD 
rH 

H-> 
CO 

CD 
O 
cd 
rH 

-H* 

k 
Pi 



0) o 
c 

c 
a- 

<D  Q 

O    2 

P-i  S 
CO   H 

.2 ^ 
ö 

O 

T3 
O 

T3 
(L) 
o 

3 c«        — —       c       — 

«-?       r_^       »W       W       W       ^->       >—»www 

u 
es 
u 

05 

in 
Ov 

X 
r- 
VO 

X 
VO O O 

vb 

X 
© 

X 
o 

X X 
o 
r-' 

x 
oo 

1X1 

o 
+ 

o ^ o, _«  »  w F 
£ O   I   U   ffi w 
+ + +   +  o 

JT"  < w  £T w   w" + 

o 
A 

o 
A 

<s       cs       o*       cs    4- 
O   O   O   O   ~ 

I *^ 

+    O   —, 
X + + 

X 
p 

x 
p 
i/~i 

X 
p 

X 
o 

H 

X 

m 

o 

X 

vo 

X 
o 

H 

x 
o 

x 
o 

X X 
VO O 
—'■     (N 

ei v—, ^ 
-—'       c-* <s     CJ 

(5* O X K 

-f- ^^ ^-^ ^w             -h       i      -r     -r     -f- 

O 
<3    fT-   W    W 

AAAAAAAAAAAAAA 

O 
+ 
<T 

o 

n       d       n    ^-i       U     T_s   "?s   T^, 

+  +  +  +  +^ooo 
w   <T   <    <    < 

w <   <   < 

o o o o o 
X   X   X   X    + 

S-H        W     ^      O ..        < r«       cs       p<     u)     —i        ■~-'   ^f       -—'    —■ 

+   +   + * * * 
cs       c<       <s + + + +   +   + 

•—     C-4     CO IT)      VO oo   ON 
O    —i    cs    ro TJ-    in    vo    r-    oo    o\    o 

_       _      _      _      ,_      _      (N) 

o 

+ 
A     A     A     A 

« 

a 

"O 
o 

"O 
t> u 
3 
V 

S o 

■o 
o c 

^E 



r ^ 

i 
CO 

c 

4-» 
c 
O 

o 

o 
•i-H 

+->  , 
CD     T3 

1 £> 

GO 
H—> 
C 

"o 
OH 

CO 

o 

Pu 

o 
o 
«n 



in 

u 

CO 

o 
• 1—1 

c o 
• 1—( 

• i—i 

CD 
•c5 
H-1 

• i—i 

> £ 
T3 T3 

<D e 
T3 o 
C o 
cd <D 
o. CZ5 
X tf-i w O 

&£ 

£ 



c o 
• vH 

00 
CD c 

'-P 
o 

£ 
dj 

• t—i 

> 
>% 

k 
T3 T3 

<U C 
T3 o 
C Ü 
cd a> 
a* c/} 
X <+H 

W o 



O 
hsSattt 

E assa 

•BjfS 

Q 

o 
Co 
rfSEJS 

RISES! 

(A 

co O 
b 

4 



PU, 

<£T> 

D
R

A
D

IC
LD

at
a 

♦
 M

IN
T 

P
re

di
ct

io
n 

- 
C

on
de

ns
at

io
n 

♦
 M

IN
T 

P
re

di
ct

io
n 

- 
N

o 
C

on
de

ns
at

io
n 

!♦ 

D* 

#□ 

□♦ 

♦I] 

 1 i  

CO 

4-1 

Is 
0.    3 

■E   5 
O) 
if 

c 
o 

w .2* £ 
x  g 

0) 
Q. 

C 
o 

O   +3 
_J    0) c 

0L 

c 
'■5 

JZ 
O) 
X 

o c 

CM    O 

o 

0) 
c 

T- "53 
(0 
(0 
m 

o o 
o 

o oo 
o 
CO 

o o 
CN 

(JJOJL) ejnssajd iunua|d 



•1—1 CS 

o Q 
crt g 
GO O 

Q 3 
> O 
^ GO 

•T-H 

c 
o 

CO O 
c ~ 
^ ^   CO 
c £   ro 
O 0> Q 
u C _l 
O O o 

o o ü: 
o o 

0) CD 

Q.CL 
h-|- 

C0 

CD 

E 
CD 
Q. 

g* 

<•> 

n □   4> 

D □   4* 

03 

sz 60 

it 

c c 
«>   Q.    3 

c 
o 

Ü 'is 
w> .E> .fa 

x g 
CD 
Q. 

c 
o 

<*  o .b 
_i tu c 

0) 
a. 

c 

I 

0) 
c 

<N   O 

o 

0) c 
ü> 
(A 
ffl 
m 

«s 

uoipejj uo^epossjQ eu;po| 



ö cd 
•T-H 

cd 

O 
cd 

Q 

O o 
pu, 

, 

• D  @ 

— 

• 
M

IN
T 

P
ro

be
 - 

N
o 

C
on

de
ns

at
io

n 
© 

M
IN

T 
P

ro
be

 - 
C

on
de

ns
at

io
n 

♦ 
M

IN
T 

P
ro

be
 -

10
%
 r

ed
uc

ed
 H

eS
 -

 C
on

d 
M

IN
T 

P
ro

be
 -

10
%
 r

ed
uc

ed
 1

2 
- C

on
d 

D 
R

A
D

IC
L 

P
ro

be
 D

at
a CD « 

ZJD& 

L J «' 

• © <E ] 

D 9 9 

•  c 9 

 1  1  1 

I 

Ec 
<o a. 3 

O) 

c 
o 

_   +3 
■C    (0 

«5   .2> +3 
I    g 

a. 

c 
o 

5 « 
*■ o £ 

o 
0L 

c 

CO    © 

CD 
C 

CM    O 

o 

0) 
c 

"ÖS 
(A 
(0 
m 

CM CO 
Ö 

co 
o Ö 

CM 
Ö 

(IU0/%)UJB9 



^t 

D 

c 
o 

■*-* ffl c 
CO ü 
r. •*-* 
(i) ro 

TJ co 
r c 
o 
O ro 

ro 
o o n z O 

CD 
J2 

a) a> o 
o o 
n o LL 

Q. CL _l 
o 
Q 
< 

1- 1- 
Z z 
^ ^ K. 

• 
i 
1 
l 

i 
D 

oq 
d 

CD 

d 

d 

CN 

d 

CM 

d 

E 

CD 

c 
CD 
Ü 
>. 
> 
CO 
Ü 
E o 
i_ >^ 
a> 
o 
c 
ro 
CO 

a 
15 o 
t 
a> 
> 

CD 

d 

co 
d 

CM oo CD CM 

d 

(aio/%) u|B9 |Buß|S news 



CD 

"8 

cd 
td 
Q 

%-i <L> 
<L> ?-< 
QH 2 
a ts 
H 
£» a 

• l-H <u 
£ H 
u £> 
H > 
•—^ cd 
Ö o 
s ^ o 
Q cd 

PH m I 

q-H r- 
o h-1 
Ö O 

| 

3s                    : 

• 
M

IN
T 

P
ro

be
 -

 N
o 

C
on

de
ns

at
io

n 
© 

M
IN

T 
P

ro
be

 -
 C

on
de

ns
at

io
n 

D
 R

A
D

IC
L 

G
ai

n 
P

ro
be

 D
at

a 

• 

u ©          • 

• 

G           © • 

© D          • 

□       ® • 

1 i  

o 
IO 
CM 

o o 
CM 

O O o 

3 

L. 
0) 0 
J? 
<: & 

t. sz 
O) z 

«>   Q.   j3 

■5,5 

C 
o 

X   g 

0. 

c 
o 

>  re 
«t o -5= 

-I    0) c 
Q. 

0) c 

OJ 

X 

0) 
c 

CM    O 

o 

c 

(A re 
DÜ 

o m 

(>l) ejnjBjadiiiei ä;IABO 



4": n 

♦
 M

IN
T 

P
re

di
ct

io
n 

- 
N

o 
C

on
de

ns
at

io
n 

®
 M

IN
T 

P
re

di
ct

io
n 

- C
on

de
ns

at
io

n 
© 

M
IN

T 
P

re
di

ct
io

n 
-1

0%
 r

ed
uc

ed
 H

eS
 -

 C
on

d 
M

IN
T 

P
re

di
ct

io
n 

-1
0%

 r
ed

uc
ed

 1
2 

- C
on

d 
D
 E

xp
er

im
en

ta
l R

A
D

IC
L 

D
at

a 

.,- r 

s~ 
L 

D #>• 

9> 3 

€ ► D 

40 

• 1 

□ 

i  1 

Bo 
3 

ON 
i_ O. 

0) ^ 
•*■• 0 
J? *) 
5 &> 
.n a. 
O) ^~ 

E  c 

■S5 

c 
o 

x: 1 
I  <u c 

0) 
Q. 

c 
o 

^  o -fc 
-I    0) 

c 
0) 
Q. 

c 
■5 

X 

<D 
c 

'■£ 
eg  o 

5 o 

0) 
c 

(/) 
n 
m 

CO CD IO ^t CO 

(M>l)jaMOd 
CM 



GO 

Ö 
O 

• iH 
+-> o 5M 

• i-H 0> 
T3 •+-> 

(1) 0> 

PH 
a 
cd 

Ö 
O 

• i-H PH 
s—> a CD 

• H +-» o cd 
o 
1/3 

H4 
GO 

Q 
Ö 
O 

• i-H 

.-) 
C3 

h—1 
o 
o 

Q CO 
GO 

^A •»-H 

s Q 
HH 

GO 

H 3 

£ CO 
5-1 

HH <D 

s > 

Q I 

m 

$< ♦ 

G     O      # 

4> 

c 
o 
m c; 
in o 
c .,_. 
Cl) CD 
T3 </> 
o 

to 

Ü ■a r: a 
o o i 

Ü 
i 

O 
n w 

c 
o 

(0 

o 2 
•*-< ••—' —— 
o Ü 

■o T5 c 
a> a> CD 

Q. 0. E 
h- 1- CD 
2 Z a. 

X 
LU S S 

♦ ♦ □ 

d> 

a 
■♦a 
a #» 

a 

oo 
o 

CD 

d 
■<3- 

Ö 
CM 

Ö 

UOHOBJJ uojiepossia du.ipoi 

T 
o 
LLJ 
O 
t— 

ID 
O 

LU 
O 

<J> 

iD 
O 

LU 
O 

CO 

in 
o 

a. 
>- 

LU 
o 

CM o 
(^ X 

CM 

X 

LO CV 

o a 
1 

LU 
o *i 
CD tL 

i 
i_ 

in B o o 
LU E o CO 
m 

CO 
QL 

in B o CO 

LU OH 
o c 
•<* o 

+■> 
CO 

m o 
o o 
in «/> 
o (/> 
CO Q 

m 
o 
LU 
o 
CM 

m 
o 
LU 
o 
T"~ 

o 
o + 
LU 
o 



!■ 

GO 

ö o 
• 1—< 

x     f     »-4 

cd 

cd 

CD 

o 

o .; 

CD 

CD 

•T-H 

o 
Ö 

x 
CD 

c/5 

CD 
CD 
co 

Ö 
O 

• r-( 

GO 

Ö 
CD 

Ö 
o o 

GO 

CD 

CD 

CD     GO 

T—I 

3 

Ö 
CD 
%4 

Ö 
CD 

CD 
CD 

ÖX) 
cd 

O 
O 

ÖO   CD 

£ ^2 o 
43 

GO 

GO 

Ö o 
GO 

Ö 
öß 
cd 
S 

a i O    ö 5   g 
Ö 8 
£ S P öD 

P^   cd 

CO o 
•T—I 
-t—> 
<D 

• i—i 

bß 
C 

o c 

er 
CD 

< 
O 

o 
<D 

CO 
<D 

3 -^ 
<D 

CO 
CO 

• I—I 

CO o 
-»—> 
CD 

.s 
<D 



O 

S3 

Ö 

S3 
o 

/»    ••   t-4 

OH 
O 

i-l rC 
GO 

O ^ 
H—( rH 

Q o 

cd PH H 
3 Ö £ 

CO 

o o 
cd 

O 
OH 

o 
•T—1 

o 
3 
CD 

a 
o 

ts 3 CD 
PH 3 o 

CO 

GO 

H 
CO 

Ö o 13 
I—i td 

o 
cd g 

• rH 

rO 

3 

O 

o 

13 
T—H 

(D 
a 
a 
o 

^ CO 
OH o 

0) CD r*1 CD 
0< VH 0) r^ 

Id 
T3 
• f—i 3 

o 
• 1—1 

bß 
GO 
GO 

£3 
GO 

Ö o 

CD 

B 
CD 

• 1—1 

*T3 
CD 
GO 
GO 

B 
CD a 

• rH cd cd "Ö 
bß O o o 
Ö 4-> 4-> s—> 

• r-i bß bß bß o Ö Ö Ö 
^ • rH • rH • rH 

-a 
o cd 

3     CD 
^5    cd cd s^ 

j™^ ^■^ ?"""H 

O PM PM o PLH 



RECENT EXPERIMENTAL RESULTS ON COIL DEVICE 

IN PRAGUE 

Otomar SPALEK, Jarmila KODYMOVA, 

Vit JIRASEK, Jan KUZELKA 

Department of Gas Lasers 
Institute of Physics, Academy of Sciences of the Czech Republic 



EXPERIMENTAL 

SSCOIL with JSOG - construction finished a year ago 

Singlet oxygen generator 

made of Plexiglas, cross section of 50 x 48 mm, 
20 cm long BHP jets, 2 chlorine injectors in side walls (10 or 15 cm from top), 
BHP jet injectors - 6 mm plate, 304 - 380 openings of 0.8 mm, 
(S = 3.2 -4.0 cm-1), 
liquid jets (velocity ~ 6 m s "') driven by AP created by a gear pump. 

Close-loop BHP system 

BHP tank with stainless steel heat exchanger, refrigerator (~2 kW), 
BHP circulation - gear pump (1101 min"1), 
Liquiflo comp., model 312, frequency transducer, 
continuous COIL operation at 40 mmol Cl2 /s up to ~ 4 minutes, 
total time of JSOG operation with 15 litres of BHP ~ 40 min. 

Generator gas outlet and subsonic channel (schema) 

- throttle valve for choking the gas flow, 
- electro-pneumatically controlled vacuum tight flat valve, 
- diagnostic cell: 02 (Ag) emission at 1270 nm by Ge photodiode, 

02(
,2g) emission at 762 nm (Si photodiode) for cH2o, 

Cl2 chlorine concentration measurement from light absorption 
(330 nm), 
gas pressure, temperature 

- injector of primary He (2 rows of 25 x 0.7 mm i.d., ± 45 °). 

Iodine injector (nozzle) 

- stainless steel block with inner duct of 50 x 9.6 mm, 
- 2 rows of openings (21 holes 0.8 mm and 42 holes 0.4 mm), 
- heated by two transistors up to 60 - 90°C, 
- a distance between I2 injection and the sonic throat adjustable to 6 -10 mm. 



Supersonic nozzle and optical cavity 

- single horizontal slit(critical height 6.7 mm, width 50 mm), 
- made of stainless steel (or Plexiglas), inserted into a laser body, 
- shape designed according to the method of characteristics and still opened 

by 3°, 
- distance between the throat and resonator optical axis from 35 to 55 mm, 
- resonator 85 cm long, lasing gain region 5 cm, 
- multimode output beam 3.7 cm x 1.6 cm. 

Vacuum pumping system 

- Roots blower and single-stage rotary pump 
(RUTA 3001/2, Leybold), 
3000 m3 h"1, 

- LN2 trap with ribbed heat exchanger. 

Iodine system 

A new system of solid iodine evaporation by preheated He flowing through 
iodine bed, 

Advantage - high area g/s interface for intensive heat transfer from preheated He 
to I2     =^>    high I2 flow rates at small tank dimensions, 
Design: solid iodine in tank made of stainless steel cylinder with a glass liner 
- He heater upstream of the tank., He temperature up to 500 °C before entering 
the I2 tank & 

- tank capacity -30 min operation at 2 mmol I2 /s, 
-iodine concentration from light absorption (488 nm, s = 444.6 1/mol cm 
ora488=1.7xl0-18cm2), 
- spectral photometer Spekol 11 with fibre optics, 
-I2 diagnostic cell: pressure and temperature sensing, 
-12 flow rate from He flow rate, I2 concentration, P and T in diagnostic cell 
- additional He through a line by-passing the iodine tank, enables to adjust' 
required I2 flow rate (automatic control is prepared). 



Data acquisition system 

Most of the measured parameters processed by A/D converter (32 channels) and 

by PC 

TESTS OF COIL SUBSYSTEMS 

Tests of jet SOG 

Experiments with Heprim introduced downstream of the generator 

Values Pgen => 02(
1Ag) yield easily controlled by choking exiting gas - Fig. la., 

P in subsonic channel: 3.2 - 3.9 kPa (24 - 29 torr), 

02(
1Ag) yield -Fig. lb 

water vapour pressure - Fig.lc 

gas temperature in subsonic channel - Fig.lc 

Experiments with Heprim admixed into Cl2 upstream of the generator 

Pgen on throttle valve position - Fig. 2a 

02(
1Ag) yield - Fig. 2b 

gas temperature in subsonic channel - Fig. 2c, 3 

Effect of SOG run time on BHP temperature (40 mmol Cl2 /s + 80 mmol Heprim/s, 

15 1 BHP): dT/dt = 5°C/min - Fig. 3, 

BHP jets temperature by 2 - 4°C higher than bulk temperature, 



Tests of gas dynamic conditions in COIL device 

Tests at "cold flow run": 

The average Mach number, M,, in the subsonic channel1 

n = (K/R^(APstat/T
1/2)M{l+M2(K-l)/2} 1/2 

n - total molar flow rate, K - adiabatic constant, R - gas constant, u - molecular 

weight, A - flow cross section, Pstat - static pressure, T* - stagnation temperature. 

Experimental conditions: 

nN2 = 22.3 mmol/s, nHe = 89.5 mmol/s, 

Psub. ch. = 2055 Pa, A = 9,5 x 50 mm, 

T* = 293 K, 

Resulting average Mach number:    Mt = 0.41. 

Average Mach number in the resonator optical axis: M2 = 1.9 -1.4 

Local Mach number in the centreline of ss cavity: 

Pstat / Ppit = {2 / [(K - 1) M2
2]}K/(K-,) {[2 M2

2 K /(K + 1)] - [(K - 1)/(K + 1)]} 

Ppit - Pitot tube pressure, A = 9.16 10"4 m2, h = 16 mm, w = 55 mm. 

Local Mach number in the resonator optical axis: M2 = 2.4 - 2.2 

/(K--1) 



Tests of iodine vaporiser 

- study of I2 flow rate: controlled by He temperature, He flow rate, voltage and 

time of tank jacket heating. 

Time dependence of I2 flowrate - Fig. 4 (preheated tank, without He heating), 

Fig. 5  (effect of He temperature), 

=> preheating of secondary gas can compensate the negative effect of 

iodine cooling caused by evaporation heat, 

- iodine evaporation system with preheated gas can provide constant I2 flow 

Mixing of primary (02 + He) and secondary (I2 + He) flow 

Iodine jet penetration given by penetration parameter3 

n = ns/np{(MsTsPp/MpTpPs)} 1/2 

Experiment: at Pout= 370 - 430 W: 

primary flow: 37 mmol 02/s + 1 mmol Cl2/s + 80 mmol He/s 

np = 118 mmol/s, Mp = 13,35 xlO"3 kg/mol, 

Tp = 273K,Pp= 3800 Pa, 

secondary flow: 40 mmol He/s +1.1 mmol I2/s 

ns = 41.1 mmol/s, Ms = 10.7 x 10"3 kg/mol 

Ts - 343 K,PS= 13500 Pa 

Resulting penetration factor:    n = 0.093, 

A hardware design parameters => full penetration parameter, nfu„,3: 

Ilfuii = d As / 5 D Ap 

d - height of subsonic channel, D - diameter of iodine injector opening, 



As - cross-section of secondary flow, Ap - cross-section of primary flow. 

Our COIL: nfu„ = 0.105, 

n/nfu„ = 89 % 

Experiments with laser generation 

Main problem: entraining of BHP droplets and BHP foam into gas channel 

- geometry of the generator near the gas outlet (extremely high gas velocity of 

gas crossing last rows of jets) - effect increases with increasing generator cross 

section, 

- problems of liquid film creeping up the walls 

Typical experimental conditions: 

40mmolCl2/s,     80 mmol Heprim/s,    40 mmol Hesec/s,    0 - 3.0 mmol I2/s, 

x = 6 mm or 10 mm (distance between the I2 injector and nozzle throat), 

5e = 0.85 - 2.6 % (resonator mirrors output coupling), 

1 = 35 or 55 mm (distance between the critical section and optical axis) 

Experiments with prim. He downstream JSOG (behind throttle valve) 

An output power 60 W - 150 W at I2 flow rate of 0.5 - 1.25 mmol/s and 

Se = 0.85 - 2.6 %. Effects of the distance I2 injector - nozzle throat, and nozzle 

throat - opt. axis - not revealed in this series for poor reproducibility for escaping 

liquid problems. 



Primary He admixed into CI2 upstream of the generator 

Earlier experimental series 

PL better (to 280 W) for shorter distance I2 injector - nozzle throat (5 mm) 

- result of smaller loss of I* before nozzle throat. 

Study of effects of Pgen, nI2, nHetSec, SSi and operation time: 

- greater opening of the throttle valve resulting in lower generator 

pressure (below 6 kPa ~ 45 torr) reduced laser power substantially 

(in contradiction to a higher C^A) yield) - Fig. 6 

- reason: light scattering in the laser active zone on streaming liquid 

droplets, 

- water concentration was rather low (40 - 50 Pa vs. 580 Pa of 02('A)), 

- effect caused by a lower Pgen and higher gas velocity in the generator (at 

more opened TV) and increasing capture of liquid droplets by gas. 

Later experimental series 

Suppression of escaping liquid increased the laser output power up to 

430 W (38 mmol Cl2/s, Tjchem = 12.5 %) 

Laser power - mostly affected by iodine flow rate - Fig. 7 

(PL between 375 W and 425 W, if nI2 between 1.0 and 1.75 mmol/s), 

From this time dependence => laser power vs. iodine flowrate - Fig. 8 

Effects of nI2on laser power at different output coupling - Fig. 9. 

From this dependence - the small signal gain and saturation intensity. 

The Rigrod gain saturation model4 

Pw = s5e{[2a34lg/(5e + 50)]2-l}Is 

s is the output beam cross-section, Se- total external coupling, 80 - internal cavity 

losses. 



Our COIL: s = 6.1 cm2, L = 5.5 cm, and 80 = 0.12 

ni2, mmol s"1 
OC34, cm"1 Is, W cm2 

0.5 0.0137 3025 
1.0 0.0163 3238 
1.5 0.0155 4428 

Very important effect of mirrors quality - a relatively stable PL observed with 

some mirrors only (e.g. Fig. 6). 

- often a time decrease in PL caused by worse quality mirrors ( Fig. 10), 

Multimode beam patterns - see example 



Comparison of our COIL Get SOG-COIL) with VertiCOIL (disk SOG-COIL) 

from USAF Research Laboratory (data taken from Phipps et at and Helms al1) 

VertiCOIL in AFRL JetSOG-COIL in IP 

Total power 420 W 430 W 

Chlorine flow rate 36 mmol/s 37.8 mmole/s 

Primary He diluent 135 mmol/s 80 mmol/s 

Generator pressure 38 torr 8 kPa (60 torr) 

Diagnostic duct pressure 28 torr 3.8 kPa (28.5 torr) 

Laser cavity pressure 4.5 torr 380 Pa (2.8 torr) 

BHP inlet temperature -30°C -22°C 

BHP outlet temperature -19°C -18°C 

Diagnostic duct temp. -10°C +2°C 

Penetration factor, 11 0.110 0.093 

Full penetrat. factor, nfun - 0.105 

Chemical efficiency 0.12 0.12 

I2/O2 0.017 0.029 

Starting BHP molarity 7.2 M HO270.5 M H202 6.7MH02~/2.3MH202 

02(
1Ag) yield 0.54 (assumed) 0.72 

Mirror reflectivities 0.997/0.982 0.9995/0.981 

Mirror scattering loss 0.0025/0025 not estimated 

Mirror absorption loss 10"5/10"5 not estimated 

Mode length 3.2 cm 3.7 cm 

Gas velocity in cavity 1.0xl05cm/s 0.9x105cm/s 

Small signal gain 0.014 cm"1 0.015 cm"1 

Saturation intensity - 4 kW cm"2 

10 



CONCLUSIONS 

Experiments with COIL subsystems: 

- our designed jet SOG able to generate 02(
1^ with high excitation 

efficiency and low water content, 

- tests of gas dynamic conditions proved a fast flow in the subsonic channel 

and supersonic flow in laser cavity, 

- originally designed iodine vaporiser using pre-heated He may provide 

constant iodine flow rates up to 3 mmol/s. 

COIL results: 

- proved very detrimental effect of liquid droplets in the laser cavity and 

called for improvements, which resulted in suppression of liquid droplet 

escaping from JSOG, 

- found optimum experimental conditions suppressing this effect, 

- achieved appropriate PL and estimated small signal gain and Is. 

Near plans: 

- to improve COIL parameters (measurements at higher nCi2, 

using mirrors of better quality and greater aperture, to shorten subsonic 

channel) 

11 
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Deutsches Zentrum für Luft- und Raumfahrt e.V. 

Scanning Equipment with Emitter/Detector Unit 

4* KDLR 



Deutsches Zentrum für Luft- und Raumfahrt e.V. 

Experimental Set-up 

total reflector 

laseractive medium 
LAM 

wedge 3° 

0.1 m 

mirror 1 

< 
vertical axis 

V-scan 

0.32 m 

0.20 m 

0.32 m 

1.22 m 

flow axis: 
z-scan 

* DLR 



Deutsches Zentrum für Luft- und Raumfahrt e.V. 

Spot Size and Position Definition 

spot size: 0 =5.4 mm 

direction -» 
•I position 

flow 
axis z 

vert, 
axis z 

reflector 5.4 5.4 
LAM (=>mirror) 6.2 7.1 
LAM (=>wedge) 6.6 8.1 
wedge 7.4 9.7 

0 =6.2 mm 0 =4.7 mm 

0 =6.6 mm 

0 =7.4mm 
measured beam divergence: 
0 = 2.3 mm-mrad 

The dimensions of the beam at mirror 3 
determine the minimum angle between 
the forwarded and the reflected beam 

V 
tt 

0 =4.2 mm 

0 =3.5 mm 

blade 

0=10.2 mm 

lens 

T 
A 

A 

Y 

0.32 m 

0.20 m 

0.32 m 

1.22 m 

emitter I detector 

K DLR 
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COIL-R&D WORKSHOP, Prague' 99 

Lebedev Physical Institute, Samara Branch 

Nikolaev V.D.. Zagidullin M.V. 

The gas dynamic parameters, efficiency of mixing and 

lasing in COIL with ejector array of supersonic nozzles 
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Lebedev Physical Institute Samara Branch 

Dependence of Mach number on iodine molar flow rate 
Conditions: optical axis-nozzles 89 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen 
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s. 
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' CRMfiPR Lebedev Physical Institute Samara Branch 

Dependence of output power on iodine molar flow rate 

Conditions: optical axis-nozzles 89 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen 
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s, 

mirrors Tl=0.8%, T2=0.014% (nonresonant loses were unknown) 
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Lebedev Physical Institute Samara Branch 

Dependence of output power on total mirror transmission 

Conditions: optical axis-nozzles 89 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen 
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s, 
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Total transmission, % 

The video of mixing-dissociation zone showed that the length iodine dissociation 
was shorter 50 mm 

Pressures at maximum output power conditions: 
SOG: 41 torr, Plenum : 35.2 ton- 

Laser cavity: 11.9 torr, Pitot: 81 torr, Mach: 2.2 
Total pressure of gas flow in cavity 128 torr 
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pf\cBMnpBJ Lebedev Physical Institute Samara Branch 

Dependence of output power on iodine molar flow rate 
Conditions: optical axis-nozzles 64 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen 
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s, 
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CflMPPA, Lebedev Physical Institute Samara Branch 

Dependence of output power on total mirror transmission 

Conditions: optical axis-nozzles 64 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen 
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s. 
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Pressures at maximum output power (Mi2= 0.78 mmole/s): 
SOG- 39.4 torr, Plenum- 33 torr, Laser cavity -11.2 torr, Pitot- 101 torr, Mach-2,6. 
Total pressure of gas flow in laser cavity =218 torr. 
For Mi2= 0, Laser cavity -9.5 torr, Pitot- 98.3 torr, Mach-2,9. 
Total pressure of gas flow in laser cavity =300 torr. 
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The assembly of JSOG with nozzle bank 
(high pressure nitrogen flow mixing with oxygen and 
injection of iodine into boundary layer) 

Inlet of hi 
pressure 
N2gas 

P1 

' P3 

optical axis 

slit nozzle 

N2+I2 inlet 

valve 

BHP inlet 

JSOG 

CI2 inlet 

receiving tank 
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Kinetic and thermodynamic aspects of chemical 

generation of atomic iodine for a COIL and their 

consequences for experiments 

Vit Jiräsek, Otomar Spalek and Jarmila Kodymova 

Institute of Physics, Prague 



OVERVIEW 

1.Introduction into subject 

2.Chemical generation of atomic iodine 

- chemical generation of I( P3/2) via atomic fluorine 

- chemical generation of I( P3/2) via atomic chlorine 

3. Modelling of the reaction system 

- system with atomic fluorine 

- system with atomic chlorine 

4. Summary 



1. Introduction into subject 

COIL operation - strongly influenced by a ratio [I2]/[ 02(
1Ag)] 

Disadvantage of use of molecular iodine : 

• difficult supply, both from solid and liquid phase 

• meaningful part of stored energy in 02CAg) is consumed 

for I2 dissociation 

—> use of atomic iodine : an estimated increase up to 

25% in laser power 

Possible techniques for an atomic iodine production : 

• discharge techniques ( dc discharge of alkyliodides1, 

microwave discharge technique2) 

• chemical reaction (used for NCl(a A) + I laser ) 

1 N.P. Vagin, N.N. Yuryshev, Proc. SPIE Vol. 3574, 321 (1998) 
2 M. Endo, M. Kawakami, S. Takeda, F. Wani, T. Fujioka, Proc. SPIE Vol. 
3612,56(1999) 
3 T.L. Hanshaw, T.J. Madden, J.M. Herbelin, G. C. Manke, B.T. Anderson, R.T. 
Täte,   G.D. Hager, Proc. SPIE Vol. 3612, 147 (1999) 



2. Chemical generation of atomic iodine 

Aims: 

• purely chemical generation 

• method suitable for a cw COIL operation 

• use of commercially available gases 

Suggested process : 

1. production of F or Cl atoms 

2. reaction of these atoms with HI : 

X + HI (DI) -> HX (DX) + I(2P3/2),    X = F or Cl 



Chemical generation of I(2P3/2) via atomic fluorine 

First step : generation of fluorine atoms 

=> proposed reaction :4 

NO + F2 -> NOF + F        *, = 7 x 10'13 e -1150/TcmV1     1-1) 

=>fast 

=> exothermic (-A#°298=77 kJ/mole)5 

loss processes 6'7: 

F + NO + NO -> NOF + NO k2= 1.7 x 10"31 cmV1 (1-2) 

F + NO + He -» NOF + He k3 = 1.1 xlO"31 cmV1 (1-3) 

F + wall-> products *w=12 + 19   s"1 (1-4) 

F + F + M -> F2 + M k5=53x 10"34 cmV1 (1-5) 

C.E. Kolb, Jt Chem.Phys. 64, 3087 (1976) 
S. Johnston, H. J. Bertin, J. Amer.Chem.Soc. 81, 6402 (1959) 

^ F.G Skolnik, S.W. Veysey, M.G. Ahmed, W.E. Jones, Can. J. Chem. 53, 3188 

^^«oT' L" Hank°' K- HealGy' °- Hag6r' G-R Perram'J- APPl-Phys. 66, 6093 (1989) 



k6 = = 3.3x 10' 14 cm3s-! (1-6) 

*7- -10-5 s -i (1-7) 

h~- = 3.3x 10- '"em's-1 (1-8) 

by-product: NOF formed partly as NOF* -» decays6: 

NOF H>NO + F 

NOF* -> NOF + hv 

NOF* + M -» NOF + M 

F production efficiency : 

• critically depended on the dilution'' and [F2]:[NO] ratio 

• 18% predicted8 

• 20-30 % measured7 

Second step : reaction of fluorine atoms with HI 

F 1- HI -> HF (HF*) + I(2P3/2)     h = 7.3 x 10"11 em's'1 (1-9) 

very exothermic (AH°2n =--216.7 kJ/mole), 75% 

transformed to vibrational energy of HF (v<6) 

7 C.A. Helms, L. Hanko, K. Healey, G. Hager, G.P. Perram, J. Appl.Phys. 66, 
6093(1989) 
8 J.M. Hoell, F. Allario, O. Jarrett, R.K. Seals, J. Chem.Phys. 38, 2896 (1973) 



also electronically excited iodine atoms I ( Pi/2) may be 

formed 10: 

F + HI -* HF + I*(2Pi/2) (J-9a) 

insufficient for a laser action due to the actual branching 
i—- 

ratio of I ("P1/2) 

HI molecule - inefficient quencher of 02(
1Ag)

11: 
7 3-1    fl 02(

!Ag) + HI -> 02('Sg) + HI    Mo < 2 x lO"1' em's-1    ((I-10) 

quenching of I  : 

H1+ I*->HI + I ^,=5.7xlO-,4cmVa-ll) 

=> important for COIL operation 

9 N. Jonathan, CM. Melliar-Smith, S. Okuda. D.R. Slater, D. Timlin, 
Molecular Physics 22,561(1971) 
10 U. Dinur. R. Kosloff, R.D. Levine, Chem.P'.ys.Lett. 34. 199 (1975) 
11 J.B. Koffend. CE. Gardner. R.F. Heidner J. Chem.Phys. 80, 1861 (1984) 



Chemical generation of I(2P3/2) via atomic chlorine 

First step : generation of chlorine atoms 

12 overall process    : 

CIO? +2 NO ->2NOo+Cl (II-l) 

chain-branching reaction scheme12,13: 

C102 + NO -> N02 -r CIO 

CIO -r NO -> N02 - Cl 

C3 - CIO -> 2 CIO 

k2 = 3Ax 10-13cm3s-! (11-2) 

A-3= 1.7 x lO^cmV (11-3) 

^4=5.9xl0"11cm3s"1   (11-4) 

'" S.j. Arnold. K.D. Foster. D.R. Snelling, R.D. SuarL Appl.Phys.Lett. 30, 637 
(1977) 
13 S.J. Arnold, K.D. Foster, D.R. Snelling, R 0. Suart, IEEE J. Quant.Electr. 
QE-14,293 (1978.) 



loss processes : 

Cl + N02 + He -> N02C1 +He k5 = 7.2 x 10'31 cmV1 (II-5) 

Cl + C1N02 -» Cl2 + N02 k6 = 3.0 x 10"1 * cmV1 (11-6) 

CIO + N02 + He -> NO3CI + He k7 = 1.0 x 10"31 cmV1 (II-7) 

Cl + Cl + M -> Cl2 + M k8=6A x 10"33 cmV (II-8) 

Second step : reaction of chlorine atoms with HI 

Cl + HI -> HC1 + I(2P3/2) 
17'18    k9 = 1.64 x 10"11 cm3s-' (II-9) 

132.5 kJ/mole exothermic9, 70% transformed to vibrational 

energy in HC1*14 

5.C. Polanyi, K.B. Wooda\\,J.Chem.Phyj. 56, 1563 (1972) 



1 -»   if   -i /r 

side reactions *' '   : 

I + Cl + M -> IC1 + M kl0 = 1.0 x lO^cmV1 (11-10) 

I + 1 + M -> h + M ku = 4.2 x lO"33 cmV1 (11-11) 

HI + 02(
!Ag) -> HI + 02(%) k]2 < 2 x 10"17 cmV1   (11-12) 

HC1 + 02(
!Ag) -> HC1 + 02(

3Ig) k]3 = 4x 10"18 cmV    (11-13) 

HC1 + T -> HC1 -1 k]4= (0.32-1.5) (11-14) 

x 10-14cmV 

method successfully applied in operating purely chemical 

HC1 and HC1/C02 transfer lasers1213 

"" Kulagin. Yarygina et al'"* 
16 J.P. Singh, j. Bachar, D.W. Setser, S. Rosenwaks. J. Phys.Chem. 89; 5347 
{1985) 

10 



3. Modelling of the reaction systems 

specifications : 

• one dimensional model 

• reactants introduced directly into the primary flow of COIL 

• instantaneous mixing 

• heat transfer to the walls neglected 

• fluid dynamic neglected 

• enthalpy balance with cp^cp(T) included 

flow and pressure conditions -» typical for the subsonic 

channel of our SCOIL : 

CU flowrate 

pr. He flowrate 

sec. He flowrate 

total pressure 

02('Aa) pressure 

flow speed 

40 mol/s 

40 mmol/s 

4kPa 

580 Pa 

100 m/s 

80 mmol/s 

n 



Reaction system with atomic fluorine as 

intermediate reactant 

First step : production of atomic fluorine 

• reactions (1-1) - (1-3) and (1-5) included 

• wall recombination neglected 

• reactions with primary flow components neglected 

• AHr of reactions (1-1) and (1-3) included 

Results : 

• 30 % maximum efficiency of F atoms at ratio 

[F2]:[NO]:[He]=l:2:30 

• high temperature ( 550 K ) 

• 10 cm reaction path for maximum [F] 

• hiah residual concentrations of NO, F2 andNOF 

12 



Second step : HI added into the system 

1. HI injected together with F2+NO+He mixture 

2. HI injected downstream to the primary flow at the place of 

maximum [F] concentration 

• reaction (1-9) and recombination of I atoms (II-11) added 

• quenching processes by HI neglected 

Results : 

• 100 % conversion of HI to 1 

• HI injected together with F2+NO+He mixture : 

- long reaction path 

- 90 % conversion at 50 cm 
t 

- temperature 525 K 

• HI injected 9.6 cm downstream of F2+NO+He mixture 

- 55 % conversion at 23 cm 

- temperature 800 K 

13 



Reaction system with atomic chlorine as 

intermediate reactant 

First step : production of atomic chlorine : 

• reactions (II-2) - (11-7) included 

• AHr of reactions (II-2), (11-3) included 

• recombination of Cl atoms neglected 

• reactions with primary flow components neglected 

Results : 

• CIO is the main product at ratio [C102]:[NO]:[He]=l:l:75 

• 56 % maximum efficiency of Cl atoms at ratio 

[C102]:[NO]:[He]=l:2:75 

• temperature 450 K 

• short reaction path for maximum [Cl] ( 0.46 cm ) 

• high concentration of NO 

14 



Second step : HI added into the system 

1. HI injected together with C102+NO+He mixture 

2. HI injected downstream to the primary flow at the place of 

maximum 

• reaction (11-9) and recombination of I atoms (II-11) added 

• quenching processes by HI neglected 
V 

Results : 

• best results if HI is injected together with C102+NO+He 

mixture 

• 80 % I yield at 5 cm, maximum 90 % yield at 20 cm 

• temperature 480 K 

15 



4. Summary 

• the most efficient production of atomic iodine : 

- C102, NO and HI injected as reactants into the subsonic 
channel 

- 90 % conversion of HI to I when HI injected 
simultaneously 

- 3 cm reaction path when HI injected 0.46 cm downstream 

• reaction scheme with fluorine atoms : 

- reaction path substantially longer (50cm) 

- lower yields of atomic iodine (-60 %) 

- separate reactor at higher pressure needed 

16 
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PULSED CHEMICAL O^N-IODMBL^ERWITH 
VOLUME GENERATION OF IODDIE Alums. 

Yurystev N, N. 

pJt Lebedev Phystes Iastitote 
117924 MflSfifl*. LaBBdä pröspsW & A»8-519 

3    Water vapar Hiftiie»ff& 

singlet orygeasö»^ 
6    Iodide H^aesfifi* 
7*   p^edCOn.w^tte^mto^^- 
8    Pulsed COIL wioiAOSl 
9

ft-   ^ÄJ^ÄS to ^wer CW laser. 
10. Pulsed COB, ^f^r^«^^)^ singlet oxygen 
11. Investigation of pteaa a «Wf»*™™*" 

content. 



f 
CW COIL with O -switching 

(M'A) 

o 

!■ 

02(!A) 
Flow 

Velocity V 

-13 3, 
RelaxationprocessO^A) + I(2P1/2)->(hC*) + l&yz)      ^ =110"   cm /s 

Xrdi = l/K3[I(2Pi/2)]*l/K3[I] 

Lmax = V-X „I l 

E,tore, = hv[02(1A)lSV/K3lI] 

X pulse = 1 / K. transfer 1*1 

P p*e = A V[ OjA)J S V K transfer / K3 

PDul«/PcW = Ktnu1Sfer/K3 = 7.71ü 

Fnr limited aperture 

P pubc/PCW= L K transfer W/V 

Experiment 

pulse / P CW 16 



Pnkpri roil, with Volume Generation of Iodine Atoms 

OiC'A) 

i RI 

-17 3, 
Relaxation process O^A) + Qrf'A) -* 02('Z) + Q^)       KU = 2-10"   cm /s 

1^2 = 1.7/^102(^)10 

Lmal        * "X re!2 

X *2 I x M i - 1.7K31U / K4 [CMlA)]t = «.S-IO3-! [I] / [Qz(lA)l} 

E-inibi function of active medium volume and singlet oxygen pressure. 

Pulse duration and small signal gain are the functions of iodine atom concentration. 



IgflueaceofWater^^ 
Ka =2-10"12cm3/s 

IK ?in)\ + IHiOl -> II(2P^)1+ lH201' 

K^lO/AMlK^l-K.lK^l'^O] 

PH20,torr 

D^,.,w;:s-T*i.="'""™"'"'"- 



KÖH 

Pulsed CQH * with photolysis 

'Mv      Mi(R=99^%;r=°o); 
Vutt((fiA . 

Ep=500J 

To pump (10017s) 

,-Ch,Ar- 1^77777^, 

• M2(R=96%; r=5m) 

Llwraivity = lm»V=1.41 \*/ krl-315uni 

Iodides investigated: CH3I, CF3I, C3F7I, C3H7I 

P02 = 3 Torr, C\2 flowrate = 20 mmole 

E out = 4.4 J,   8 miu = 3.1 J /1,      x = 15 - 500 ps 

P,mlsc = 300kW 

Intrinsic efficiency = 700 % (depends on iodine concentration 
produced) 

Flash lamp efficiency -10. ..20% =>Total efficiency - 70...140% 



IODIDE INFLUENCE 
CH3I, CF3I, C3F7I 

1. High Cl2 utilization 

1.9 • 1(T29 CF3I 
M + R + 02^R02       k = 45   io_31 CH>I 

02CA) 02(
3S) k ~ 4.5 • 10-" 

if**) + CF3°2"l(2P3/2)       ' k ~ 2.5 • 10-" 

CH3I is preferable 

2. Deficient Cl2 utilization 

O2C A) + Cl2 + CH3I-+I + products 
k = 4 • 10~32    cm6 • s'1 

CnF2n+iI     ~     no reaction 

[Cl2] control method 



Piiicori TOIL with Electric Discharge 

\ 

'ELECTRODES 

To PUMP 

V 

SOG 

J 
81 ̂ l- 

Sparger Type Singlet Oxygen Generator 

NO WATER VAPOR TRAP 

•♦■«n. n      to •> Torr CF31 - to 1 Torr, Mc(Ar) - to Typical mixture composition: 02 - to - l orr, ^t 3 
JV 31orr 

Chlorine flowratc - 11 n.n.ole /», Flow velocity - 34 „. / s 

Discharge parameters: U - 14 - 28 UV / 60 em, r = 3 ,s 
Capacitor-5-10 nl' 

Energy stored - 1 — 8 J 



Pulsed COIL with Electric Discharge 
Experimental results 

j.--/rr X,   \iS 

=fl£: 

6 .^stored'J 

21 eV<   8 Iodine atom £ 29 eV, Photolysis: £ iodine atom ~ 5 cV 

Buffer gases: He, Ar, N2,      EHc : EAr: EN2 = 2 : 1,4 : 1 

R = CH3I,   Eout = 1.8J,     Efficiency = 91%,  ^<m =/^ 

PPuUe= 100 k\V at Chlorine flowrate of 14 mmole / s 

Repetition operation to 20 Hz 

TE facility is under manufacturing 





Transfer Flow Transfer Exf jtatinn COIL 

Motion, -degradation of output energy of a longitudinal COIL ai 
increased repetition rate 

relaxation of energy stored in active medium due to reaction 
Clz-rOaCAt + Rl 

Background: -ApoUonov and coworkers -simple electrode configuration to 

"** HF nonehain laser. Psre - 70 Torr, electrode gap - 15 cm 

The problem of matching for transverse excitation. 

The experimental units designed: 

1. 50-cm length laser cell wrth sample electrode confi^a^^^ 
treated with sand paper- unseccessfol result k *H     o C     / 
-»transfer to preionizatibn with siirfece discharge 

2. 5-cm length laser cell with barrier discharge preionrzaüon - in progress   Z Ü X S 

3 ^0-cm length laser cell with resistively loaded pin electrodes - laser 

aeration obtained. E*« "> «* ^ = 3° »' 0p"0n        _ ^ r_ 
j   T II ^r —       £H*l   '~V< 

V =  /.-? ±2 * ZO - &ocv 

'-ehe i'/i / =   Y6C-»V* ?■        ~J3A 



™H5EÄ nqi&i«> 32i3vääß^ fßsiräl nißS m0 0e 3rIT •f §lH 

002 JatriJrv/isdmßrforaßlalßoz-ilßmzariT .£.<jtf 



The break-down parameters of gas oxygen with high SO content 

Motivation: 

Expected goal: 

-electrical discharge as a source of singlet oxygen 
-discharge geseratioji of atomic iodine for COIL 

-kinetic information necessary to describe the singlet oxygen 
behavior in plasma 

j   5   r 

i 7 r 

11 

Schematic diagram of experiment: 1-discharge chamber, 2-disk electrode 5^8 ram o.d., 
fSiSrS! electrSe 20 mm o,d„ 4-flow direction, Regulated high voltage supply, 
^resistor, 
?T*oitmeter. Ejectrqüe gap 6.6 mm 



TaÖJiHua 1. 

Jfe 
n/n 

o2 + 
02('A) 
(Topp) 

02('A) H20 

(Topp) 

U 

B 

Nd 

(1018CM\) 

E/N ad 
1 

i 

1 1.4 • 0.1 543 0.0327 166.2 11-31   ! 

2 1.4 + 0.1 520 0.0327 159,2 11-32 

3 2.1 " 0.15 604 0.0490 123.3 13.86 

4 2.0 + 0.15 565 0.0468 120.7 13.52 ! 
i 

5 2.1 - 0.09 606 0.0477 127.1 13.82   ! 
i 

6 2.0 j- 0.09 552 0.0455 121.3 13 T>   \ 

7 1.4. - 0,2 ■ 541 0.0348 155.2 11.56   ' 
! 

8 1.4 * 0,2 513 0,0348 152.9 11.83   j 

1 
9 2.1 ~ 0.03 600 0,0464 12.93 1.3.62   j 

;                                 1 

10 2.1 ~ 0.27 611 0,0516 118.4 i    14.12" 

11 2.0 + 0.7 603 0,0588 102.5 14.66 

12 0.88 * 0.01 495.6 0.0194 255.7 8.23 

13 0.9 + 0.01 478 0.0198 241,2 8.37 
j 

14 0.9 + 0.03 479 0.0203 236.5 8.46    j 

15 0.9 + .   0.06 482 0,0209 230.5 8,59 

16 0.9 + 0.07 490 0.0211 23 L9 8.68 

17 0.97 - - 535.8 0.0211 253.6 12.27 

18 1.66 " "• 579.6 

1 
0.0362 160.3      ! 8.96 

— 
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The study of VCC 

Experimental seNip 

voltane 

! > 
110 p 

! 
i 

100|*   X 

9or 

current 

©      80" 

70 r 

*o 
■:(?> 

60 r % o°. V ° 

so r 

-to—- 
10 10 3Ü 40 50 60 70 

000 trace 1 i mA 
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The studv ofVCC 

Experimental set-up 
yy <\ 

iool*   >< 
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